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Upper Devonian to LowerMississippian strata in Utah andMontana record global events through this important
interval in Earth history. Late Famennian strata of the Beirdneau, Leatham, and Pilot Shale formations inUtah, and
Three Forks and Sappington formations in Montana, record widespread deposition of generally fine-grained
siliciclastic and carbonate strata. Integration of sedimentology, physical stratigraphy, chemostratigraphy, and
published biostratigraphy allows for the recognition of important disconformities and regional stratigraphic
patterns. These enable the reconstruction of uppermost Devonian to lowermost Mississippian depositional,
tectonic, and eustatic history of the region.
Carbon isotopic data allows for stratigraphic evaluation of the presence and absence of global bioevents of the
Late Devonian, including the Annulata, Dasberg, and Hangenberg events, some of which are clearly recorded in
hinterland deposits to the east in Colorado. While the Devonian–Mississippian boundary is also missing in our
sections, a significant positive shift in δ13Ccarb in Lower Mississippian strata in Utah and Montana represents
one of the largest positive δ13Ccarb isotope excursions of the Phanerozoic, linked to drawdown of atmospheric
CO2 and glaciation in the Kinderhookian.
Detrital zircon spectra from latest Devonian to Early Mississippian strata of Utah and Colorado include popula-
tions representing derivation from the Mazatzal and Yavapai provinces, Middle Proterozoic anorogenic granite
bodies, and a small influx of Grenville and presumed Appalachian–Caledonian grains. Minor Paleoproterozoic
and Late Archean peaks in Utah are likely multiple generation grains originally derived from the Peace River
Arch of northwestern Canada and recycled in Ordovician rocks of Nevada. These patterns in detrital zircon
geochronological data reflect, in part, changes in sediment dispersal patterns due to tectonic and eustastic
variabilitywithin the Antler foreland basin during theDevonian–Mississippian boundary interval. This variability
also led to irregular spatial patterns of unconformity development, as well as complicated physical stratigraphic
and chemostratigraphic architecture.

© 2015 Published by Elsevier B.V.
1. Introduction

Major changes to the hydrosphere, atmosphere, and biosphere
during the Late Devonian to Early Mississippian include the onset of
glaciation, large eustatic sea level fluctuations, and changes to biogeo-
chemical cycling (Walliser, 1984; Johnson et al., 1985; Streel et al.,
2000; Joachimski and Buggisch, 2002; Sandberg et al., 2002; Brand
et al., 2004; Buggisch and Joachimski, 2006; Cramer et al., 2008; Kaiser
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et al., 2008; Myrow et al., 2011, 2013). Changing tectonics, coupled
with a terrestrial plant radiation (Algeo et al., 1995; Algeo and
Scheckler, 1998; Caplan and Bustin, 1999; Streel et al., 2000; Algeo,
2004) led to global climatic cooling and the initiation of glaciation in
the southern hemisphere (Streel et al., 2000; Raymond and Metz,
2004; Caputo et al., 2008; Brezinski et al., 2010; Wicander et al., 2011).

A long-termmajor sea level fall (Caputo and Crowell, 1985; Isaacson
et al., 1999, 2008; Streel et al., 2000; Sandberg et al., 2002) was punctu-
ated by a series of glacial–interglacial events that were, in cases, linked
to major and minor perturbations to the biosphere, including mass
extinctions. The well-known Frasnian–Famennian mass extinction
(Kellwasser Event) (House, 2002; Kaufmann et al., 2004; Stigall, 2012)
was one of many important biotic events that followed in the
Famennian. These events were linked to global transgression, extensive
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oceanic anoxia, and widespread deposition of organic rich black shale
(Berry and Wilde, 1978; House, 1985; Becker, 1993; Walliser, 1996;
Caplan and Bustin, 1999; Kump et al., 2005; Racki, 2005; Kaiser et al.,
2008). The Annulata, Dasberg, and Hangenberg black shale beds
(Marynowski et al., 2010; Racka et al., 2010) and associated biotic
events were also linked to changes in the isotopic compositions of
seawater (Kürschner et al., 1993; Brand et al., 2004; Saltzman, 2005;
Buggisch and Joachimski, 2006; Kaiser et al., 2006; Cramer et al., 2008;
Myrow et al., 2011, 2013).

Based on spectral analysis of lithological variations within fine-
grained carbonate and shale successions of the Upper Devonian in the
Holy CrossMountain of Poland, DeVleeschouwer et al. (2013) identified
orbitally forced, 405 ky and 100 ky eccentricity cycles in strata that host
these shale beds. Recent geochronological analysis by Myrow et al.
(2014) confirms De Vleeschouwer et al.'s (2013) estimates that the
transgressive black shale units were short lived, and potentially less
than 50 ky, and thus consistent with an origin by glacio-eustasy. The
Dasberg and Hangenberg events have either been correlated with
regionally developed unconformities (Bless et al., 1993; Sandberg
et al., 2002) and associated meteoric diagenetic alteration along these
surfaces during regression, or in other cases documented in strata in
western Laurentia (Myrow et al., 2011, 2013) by a large global rise in
marine δ13C values (Hangenberg Event) during subsequent transgres-
sion (Brand et al., 2004; Saltzman, 2005; Buggisch and Joachimski,
2006; Kaiser et al., 2006, 2008; Cramer et al., 2008).

Another large positive carbon isotope excursion has been recognized
globally in middle Tournaisian (Kinderhookian) carbonate strata of the
Upper crenulata (Siphonodella isosticha) conodont zone. This excursion,
which reaches a maximum value of N+7‰, has been documented in
North America, Europe, and South China and Russia, and is one of the
highest carbon isotope peaks of the Phanerozoic (Bruckschen and
Veizer, 1997; Saltzman et al., 2000; Saltzman, 2002, 2003a,b; Katz
et al., 2007; Qie et al., 2011). The rise of vascular land plants, changes
in paleogeography, and regional tectonic events (e.g., Antler orogeny),
are considered the impetus for decreased atmospheric CO2, increased
burial of organic material, and concomitant glaciation, all of which are
associated with the distinct positive isotopic anomaly (Berner, 1990;
Algeo and Scheckler, 1998; Mii et al., 1999; Saltzman et al., 2000; Qie
et al., 2011). In North America, this excursion has been identified at
strata in Nevada, Utah,Wyoming, and Idahowith isotope values consis-
tently reaching +6–7‰ (Budai et al., 1987; Saltzman et al., 2000;
Saltzman, 2002, 2003b; Gill et al., 2007). In this study we present the
first high-resolution inorganic carbon isotope curves for these intervals
from outcrops in Utah andMontana (Fig. 1) with accompanying detrital
zircon data from four Upper Devonian sandstone samples in Utah and
Colorado. These data are biostratigraphically constrained by published
conodont data (Fig. 2).

This study explores the depositional history, geochemical signature,
and detrital zircon geochronology of upper Famennian and Lower
Mississippian strata from Utah and Montana (Fig. 2) in order to under-
stand the record of events during this critical interval in western
Laurentia. We emphasize the correlation of a series of regional uncon-
formities and global bioevents in this unique interval of correlative
strata stretching from Alberta to Nevada.

2. Location

We present data for uppermost Devonian and Lower Mississippian
strata exposed inUtah andMontana (Figs. 1, 2). Upper Famennian strata
of the Beirdneau and Leatham Formation in Leatham Hollow (LHU) are
exposed southeast of Logan, UT (N041°38.871, W111°42.824, elevation
1966 m) (Fig. 3). Exposures of roughly coeval strata of the Pilot Shale
outcrop at Little-Mile-and-a-Half Canyon (LMH) in the Confusion
Range, Millard Co, UT (N039°13.041, W113°40.124, elevation
1972 m). A section of the Three Forks and Sappington formations was
also measured along the flank of Peak 9559, next to Sacagawea Peak
(SSM) in the Bridger Range ~25 km north/northeast of Bozeman, MT;
access is through a steep valley just south of the Fairy Lake campground
(N45°54′16.5″, W110°58′35.6″, 2893 m elevation). Finally, a section
was measured along Beaver Creek (BCM), 35 km northeast of Helena,
MT on a steep cliff north of the road (N46°50′33.5″, W111°45′16.9″,
1530 m elevation).

3. Field and laboratory methods

We measured and collected samples through ~135 m of the Pilot
Shale at LMH (Fig. 4), and collected additional samples through 50 m
of the overlying Joana Formation at this site. Samples for carbonate
carbon isotope analysis were taken every ~25 cm through the entire
section. At LHU, ~45 m of the Beirdneau and Leatham Formations
weremeasured (Fig. 5), and sampleswere taken every ~10 cm through-
out the section for carbonate carbon isotopes. At SSM, samples were
taken every ~25 cm through ~90 m of the upper Trident Member of
the Three Forks Formation, the Sappington Formation and the
Lodgepole Limestone (Fig. 6). At BCM the uppermost 8 m of the
Sappington formation was sampled every ~25 cm.

Approximately 550 carbonate carbon samples were drilled to pow-
der using a dental drill. Approximately 150 μg samples of drilled carbon-
ate powder were reactedwith excess H3PO4 in He-flushed sealed tubes.
Released CO2 was then sampled using a Finnigan Gas Bench II, and
isotope ratios were measured with a Delta V Plus Mass Spectrometer.
Measurements are reported relative to the Vienna Pee Dee Belemnite
(VPDB) standard using in-house standards calibrated with LSVEC,
NBS-18 and NBS-19. Typical analytical errors were b0.1‰ (1σ) for
δ13Ccarb and b0.2‰ (1σ) for δ18Ocarb. All analytical data are reported in
Data Repository 1.

Four sandstone samples were run for detrital zircon analysis. Three
of these samples were processed, mounted, and analyzed at Arizona
Laserchron Center using a Laser-Ablation Multicollector ICP Mass
Spectrometer utilizing methods described by Gehrels et al. (2008).
One sample (GCD-1) was analyzed by sensitive high-resolution ion
microprobe (SHRIMP) at the Research School of Earth Sciences,
Australian National University following procedures given in Williams
(1998, and references therein). Data from the two labs are comparable
in precision, with average uncertainties of 1.3% (SIMS) and 1.2% (LA-
ICPMS) for 206/238 ages and 1.5% (SIMS) and 1.4% (LA-ICPMS) for
206/207 ages (all at 1-sigma). Analyses from both methods have been
filtered using the same cutoffs of 10% for uncertainty of 206/238
and 206/207 ages, 20% reverse discordance, and 5% discordance. All
analytical data are reported in Data Repository 2, along with Pb/U
concordia and probability density plots for each sample.

4. Geologic setting

The tropically to sub-tropically positioned Laurentian continent was
partially submerged in the Late Devonian, with expansive epicontinen-
tal seaways (Scotese, 2001). The upper Famennian strata of this study
were deposited in a backbulge basin formed by the Antler orogeny.
The Antler orogenic belt extended ~2300 km, from southern California,
across Nevada and Idaho, and into Canada. The orogeny was the result
of the eastward thrust emplacement of the Roberts Mountain
allochthon, about 140 km east of its original position, beginning in the
Late Devonian (Nilsen and Stewart, 1980). The thrust emplacement of
the allochthon produced flexuralwarping of theNorth American craton,
as modeled by Speed and Sleep (1982). This deformation produced a
foreland basin, an upwarped forebulge, and a second wide, relatively
shallow downwarped backbulge basin. The outcrops described herein
deposited in the backbulge basin, which experienced flexural subsi-
dence that created accommodation space for these Famennian strata.
Relative sea-level falls and associated loss of accommodation space
occurred during upwarping. It is likely that the uplifted forebulge
created a barrier for the circulation of the epicontinental seaway filling



Fig. 1. Location map for Little Mile-and-a-Half Canyon, UT (LMH); Leatham Hollow, UT (LHU); and Sacajewea Peak, MY (SSM) sites.
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the backbulge basin (Goebel, 1991; Giles andDickinson, 1995). This had
the most marked effect during periods of low sea level, and could have
caused stratification of the basin, which has been suspected from
sedimentological characteristics of certain restricted lithofacies
(Goebel, 1991; Giles and Dickinson, 1995). Due to the presence of
the migratory forebulge, it is likely that transgressions observed in
syn-tectonic strata are the result of a combination of both eustatic and
regional tectonic effects, which remain difficult to untangle (Saltzman
et al., 2000).

5. Facies descriptions

5.1. Lower Pilot Shale

At Little Mile-and-a-Half Canyon (LMH), wemeasured 36.8m in the
upper part of the ~240 m thick lower Pilot Shale, a slope-forming unit
characterized by tan weathering, gray 0.5–1.0 cm thick beds of calcare-
ous siltstone. This part of the lower Pilot is assigned to the Lower and
Upper marginifera conodont Zone, and represents the oldest strata in
this study (Sandberg et al., 1980). A few unsorted, matrix-supported
conglomerate units in the lower part of the formation are up to 3.7 m
thick and represent debris flow deposits. The siltstone of the lower
Pilot generally becomes more calcareous upsection, with thin
grainstone and carbonate mudstone beds. At 31.65 m, there are 40 cm
of yellow weathering, stacked, 0.3–1.5 cm thick grainstone beds with
ripple scale cross-lamination and small scours. Additional features
include bioturbated beds (e.g., at 24.17 m), slump intervals with ball-
and-pillow structures (35.37 m), and reports of sole markings and
bioclastic debris (Gutschick and Rodriguez, 1979). The upper part of
the lower Pilot Shale is a 27.6 m of covered interval directly below the
middle Pilot Shale (Fig. 4).

5.2. Beirdneau Formation and TridentMember of the Three Forks Formation

The b330 m thick, Famennian Beirdneau Formation consists of
dolostone and quartz rich sandy dolostone, and sandstone (Sandberg
and Poole, 1977; Sandberg et al., 1988). A resistant dolostone unit
at the top of the formation, the “contact ledge” of Williams (1948),



Fig. 2. Standard Upper Devonian Conodont Zones after Sandberg et al. (2002) on left. Date for base of Mississippian from Gradstein et al. (2012). Chronostratigraphic–lithostratigraphic
framework for the strata of this study on right.
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is 15 m thick at LHU and it forms the base of our section in this study
(Fig. 5). The top 7 m of this unit is assigned to the Lower and Upper
trachytera Conodont Zones, and the lower 8 m is unzoned (Sandberg
and Gutschick, 1979). The lowermost 5.4 m is comprised of light blue
to yellow weathering, finely laminated mudstone with 15–100 cm
thick bedsets and 1–3 cm recessive breaks. Above this is 2.66 m of
light gray fine grainstone with 3–25 cm thick beds at the base and
thicker beds above. Above 8.06 m, there is 2.33 m of thin to thick-
bedded massive and nodular mudstone, which locally contains abun-
dant brachiopods. Above, there is 1.4 m of dark gray, brownweathering
calcareous shaley siltstone beds with irregular micritic nodules, the top
part of which contains abundant nodules that in cases form nearly con-
tinuous beds. This is overlain by 32 cm of dark gray irregular mudstone
beds, then 51 cm of light gray, fossiliferous, fine grainstone. Above is a
22 cm thick partially silica-replaced, laterally linked, low-domal stro-
matolite bed. The formation is capped by 1.17 m of light gray, nodular
weathering fossiliferous mudstone, 1.09 m of cover, and 12 cm of fissile
gray shale at the contact with the Leatham Formation (Fig. 5), which is
marked by a 3–7 cm thick medium to coarse sandstone bed.

The section at Peak 9559 in the Bridger Range of Montana (section
SSM) exposes just over 24 m of roughly age-equivalent strata of the
Trident Member of the Three Forks Formation (Fig. 6). The lowermost
98 cm consists of gray mudstone, fine grainstone, and very coarse
grainstone. This is overlain by 5.18 m of thin bedded (5–10 cm thick),
finely laminated, massive weathering, dark gray mudstone. This is
followed by 11.7 m of cover, 3.85 m of flaggy weathering fine
dolograinstone, 2.9 m of cover, and finally 65 cm of yellow weathering,
gray, coarse grainstone. The strata have yielded conodonts of the
trachytera Zone (Sandberg et al., 1988).
5.3. Lower parts of Leatham Formation and middle Pilot Shale, lower
Sappington Formation

The Leatham Formation, exposed at LHU (Fig. 5), is the stratigraphic
equivalent of the middle Pilot Shale at LMH (Fig. 4) (Sandberg and
Poole, 1977; Sandberg and Gutschick, 1978; Gutschick and Rodriguez,
1979), and the lower Sappington Formation at SSM (Figs. 5, 7A)
(Gutschick et al., 1962; Gutschick, 1964; Sandberg and Klapper, 1967).
These strata are assigned to the Lower expansa conodont Zone. The
base of these units are defined by a very thin basal sandstone and over-
lying black shale-rich deposits (Sandberg and Gutschick, 1969). At LMH
we failed to locate the very thin sandstone bed at the base. Our section
begins with 1 m of gray calcareous shaley siltstone. This is overlain
1.65 m of slightly silty, black fissile shale then 60 of covered interval.
This is followed by 1.72 m of red-brown weathering tabular, interbed-
ded siltstone, very fine sandstone, and fissile black shale. The siltstone
and sandstone beds are up to 10 cm thick and rich with black-
weathering chert. The cherty unit is overlain by 98 cm of chert-free,
red-brown weathering interbedded siltstone, shaley siltstone, and
very fine sandstone, which caps the lower part of themiddle Pilot Shale.

At LHU (Fig. 5), a 3–7 cm thick medium-coarse grained, poorly
sorted, calcareous sandstone bed at the base of the lower Leatham
formation rests directly on the Beirdneau Formation at 15.32 m
(Fig. 3). Above the sandstone lies 13 cmof light gray, brownweathering,
calcareous siltstone, topped by 65 cm of light gray, thinly bedded fine
grainstone. This is followed by an ~8m thick dominantly covered inter-
val with 1.10 m of poorly exposed, very thinly bedded (1–2 cm) calcar-
eous siltstone and interbedded silty shale with black chert bands at
21.63 m. This corresponds to the cherty unit at LMH.



Fig. 3. Section at LeathamHollow, UT, southeast of Logan, UT (N041°38.871,W111°42.824, elevation 1966m),which exposes theUpper Devonian Beirdneau and Leatham formations, and
the Lower Mississippian Lodgepole Limestone.
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At SSM (Fig. 6), the correlative “lower black shale” of the Sappington
Formation rests unconformably on a highly irregular erosional surface
of the Trident Member of the Three Forks Formation below (Gutschick
et al., 1962; Gutschick, 1964; Sandberg and Klapper, 1967). At SSM,
this unit is represented by 2.15 m of black shale.
5.4. Middle Leatham Formation, upper part of Middle Pilot Shale, and
middle part of Sappington Formation

A fine-scale detailed and spatially widespread lithostratigraphic
framework exists for this particular interval (Gutschick and
Rodriguez, 1979). A very thin (0 to 20 cm thick) discontinuous, poor-
ly sorted, basal lag sandstone bed that locally contains fish bones, the
prasinophyte alga Tasmanites, and lumbricaria traces (Gutschick and
Rodriguez, 1979) mark the top of the underlying black-shale-
dominated interval. Gradationally above lies a fissile, black
spinicaudatan-rich shale bed up to 20 cm thick (ave ~10 cm),
which is assigned to theMiddle expansa conodont Zone. Spinicaudatans
(clam shrimp), known by the paraphyletic term ‘conchostracans’, are
weakly biomineralized, bivalved, extant branchiopod crustaceans. In
Montana, a 10–15 cm thick green-gray shale with abundant bivalves,
gastropods, brachiopods and pelmatozoan debris overlies this bed
(Gutschick and Rodriguez, 1979; Sandberg et al., 1980); this unit is ab-
sent in other parts of western Laurentia. The rest of this stratigraphic in-
terval consists of a complex (up to 5 m thick) carbonate deposit coined
the “Oncolite-Shell-Sponge Bank Unit” (Figs. 8A, 9A, B) by Gutschick
andRodriguez (1979),which is assigned to theUpper expansa conodont
zone, although the uppermost beds of this interval in two locations in
Utah have yielded a Lower praesulcata conodont fauna (Sandberg
et al., 1988).

At LMH (Fig. 4), the basal part of the oncolite-bearing unit is a 62 cm
thick interval of grainstone with locally abundant bioclasts and irregu-
larly shaped (non-spherical) oncolites and concretionary nodules, inter-
bedded with shaley carbonate mudstone with irregular carbonate
nodules. The next 2.75 m consist of interbedded carbonate mudstone
to wackestone with disperse irregular nodules (20–50 cm thick beds)
and bioclasts, and interbeds of fine grainstone (5–30 cm beds). This
upper zone contains numerous fossils, including diverse brachiopods,
bryozoans, calcareous sponges, goniatite cephalopods, mollusks, and a
variety of trace fossils (Gutschick and Rodriguez, 1979).

At the base of this stratigraphic interval at LHU (Figs. 5, 9A, B) lies a
10 cm thick bed of black calcareous shale, topped by 12 cm of black
carbonate mudstone with sparse spinicaudatan fossils. The basal black
shale bed may correspond to the thin spinicaudatan-rich black shale
unit described above but we did not recover any fossils from it, or find
a thin underlying sandstone bed. The base of the “oncolite-bearing”
carbonate unit consists of a 25 cm thick gray, coarse, crinoidal
grainstone. The rest of this unit consists of 3.41 m of slightly fissile,
light gray, thick bedded (42–80 cm), slightly shaley carbonate mud-
stone with irregular to flattened carbonate nodules. The beds at this
locality lack the large oncolites present elsewhere.

At SSM (Fig. 6), the base of this interval is marked by 1 to 2 cm of
indurated black shale with brachiopods and spinicaudatans. The overly-
ing 1.62 m is composed of yellow weathering, mottled gray, fine
grainstone with abundant bioclast of crinoids and brachiopods, as well
as oncolites up to 5 cm in diameter.
5.5. Upper Leatham Formation, Upper Pilot Shale, and upper Sappington
Formation

The upper Pilot Shale is a slope forming, poorly exposed unit that is
lithologically similar to the lower Pilot Shale with respect to lithology
and a general absence of fossils. The base of this unit is commonly
gradational, although at LMH (Fig. 4) channel-fills of mudstone and
coarse sandstone have been reported cutting down into the oncolite
bank unit (Gutschick and Rodriguez, 1979; Sandberg et al., 1980). The
upper Pilot consists primarily of interbedded, tan weathering, calcare-
ous siltstone and silty shale, with intermittent beds of fine to very fine
silty grainstone (Fig. 9A). Grainstonebeds 5 to 16 cmthick are carbonate
cemented, partly concretioned, and most abundant between 80 and
87 m. The siltstone and silty shale interbeds range from 2 to 10 cm
thick. A few massive beds of dolomitic siltstone are up to 82 cm thick.
At LMH, the lower part of the upper Pilot Shale is assigned to the
Lower praesulcata Zone, but an unconformity at ~90 m in the section



Fig. 4. Detailed stratigraphic section for Little Mile-and-a-Half Canyon, UT (LMH). Mudst = carbonate mudstone, fgs = fine grainstone, mgs = medium grainstone, and cgs = coarse
grainstone.
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marks a transition to duplicata Zone strata (missing Middle and Upper
praesulcata and entire sulcata Zone). This unconformity thus marks
the Upper Devonian–Lower Mississippian boundary at this section.
The uppermost part of the upper Pilot is assigned to the sandbergi
Zone.

At LHU (Fig. 5), the lower 6m of this unit, the upper Leatham Forma-
tion, contains black to brown weathering, marl and mudstone units of
varying thicknesses (3–125 cm). Some of these units are flaggy weath-
ered and contain silty breaks at 1 cm thick intervals. Sandberg and
Gutschick (1969) mention the presence of trace fossils, brachiopods,
and foraminifera in the unit. The top of this unit consists of 7.37 m of
cover directly below the contact with the chert beds and limestone of
the Mississippian Lodgepole Limestone.

The correlative upper Sappington Formation at SSM (Fig. 6) also
consists dominantly of shale and siltstone, although it contains
more sandstone in its upper part. Here, the unit is thought to be
mostly Lower praesulcata Zone, although the lowermost part may
be part of the Upper expansa Zone. At two localities in Montana the
youngest part of this siltstone has Middle praesulcata conodont
fauna (Sandberg et al., 1988). At SSM, a 13 cm massive gray mud-
stone caps the oncolite bank unit, followed by 1.18 m of yellow
weathering, calcareous siltstone with 5–10% floating crinoid and
brachiopod bioclasts. The next ~4.3 m are composed of yellow
weathering, bioturbated, calcareous siltstone interbedded with
~1–8 cm thick fine sandstone beds with parallel and wave-ripple
lamination. Above this lies 3.38 m of black shale with interbedded
very thin siltstone and very fine sandstone beds (Fig. 8B). The final
6.44 m of the formation is yellow weathering, very thin to thick (2–
82 cm), very-fine to fine sandstone, with widely-spaced siltstone
and shale interbeds. The sandstone beds contain hummocky cross
stratification, wave ripple cross stratification, and parallel lamination.

5.6. Basal Joana Limestone

The contact between the upper Pilot Shale and the Mississippian
Joana Limestone at LMH (Figs. 4, 9) is an unconformity surface. An
11 cm thick bed of reddish-pink weathering, poorly sorted, carbonate
cemented, medium sandstone overlies the unconformity surface.
The top half of this bed is bioturbated. This bed is overlain by 1.2 m of
medium sandstone with thin interbeds of calcareous siltstone. The top
of the sandstone-rich interval marks a transition to interbedded
dolomudstone and fine to coarse grainstone, typical of the Joana. The
lowermost few meters of this unit are tentatively assigned to the
sandbergi conodont Zone (Sandberg, 1979), while the next ~50 m are
assigned to the crenulata Zone. The lower part of this ~50 m interval
is confidently assigned to the Lower crenulata Zone and the rest repre-
sents the isosticha/Upper crenulata conodont Zone based on carbon
isotope stratigraphy (see below).

5.7. Cottonwood CanyonMember of the Mississippian Lodgepole Limestone

The basalmember of the Lodgepole Limestone unit, the Cottonwood
Canyon Member, is exposed at (BCM) and SSM (Figs. 6, 8C and D),
and has also been recognized as a thin (1.31 m) unit at the base of the



Fig. 5. Detailed stratigraphic section for Leatham Hollow, UT (LHU). Sltstn = siltstone, ms = medium sandstone, mudst = carbonate mudstone, fgs = fine grainstone, mgs = medium
grainstone, and cgs = coarse grainstone.
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Madison Limestone in Wyoming (Sandberg and Klapper, 1967). It is
assigned to the Lower crenulata conodont Zone (Sandberg and
Klapper, 1967). At SSM the member consists of an 83 cm thick basal
layer of black, slightly silty, shale, which is overlain by 36 cm of shale
and ~4 cm thick, brown calcareous fine sandstone and sandy grainstone
beds (Fig. 8D). An 8 cm nodular limestone bed with silty breaks caps
the member. The rest of the formation (Fig. 7B) consists of non-
laminated thin-bedded lime mudstone, of which the basal beds



Fig. 6. Detailed stratigraphic section for Sacajewea Peak, MT (SSM). Sltstn = siltstone, mudst = carbonate mudstone, fs = fine sandstone, fgs = fine grainstone, and cgs = coarse
grainstone.
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assigned to the Lower crenulata Zone and the rest to theUpper crenulata
Zone.

6. Facies interpretations

The general trend of upward increasing carbonate, including scoured
and cross-stratified grainstone beds, suggests that the lower Pilot Shale
records an overall regression. Slump deposits and unsorted, matrix-
supported conglomerate beds, the latter interpreted to represent
debrites, suggest unstable submarine slope conditions and abundant
failures. Abundant ball-and-pillow structures are consistent with rapid
deposition of sediment on water-lain mud, and are consistent with
generally high accumulation rates. The thick covered interval at the
top of the lower Pilot Shale precludes detailed interpretation of the tran-
sition to the middle Pilot.

The generally fine-grained lithologies of the 15 m thick unit at the
top of the Beirdneau Formation at LHU suggest generally quiet water
conditions. The presence of brachiopod fossils and stromatolites, and



Fig. 7. Uppermost Devonian and Lower Mississippian strata in southwest Montana. (A) Upper Devonian Sappington Formation (foreground) and overlying Mississippian Lodgepole
Limestone near Sacagawea Peak (SSM) in theBridger Range near Bozeman,MT; (N45°54′16.5″,W110°58′35.6″, 2893melevation). (B) ThickMississippian section of Lodgepole Limestone
at SSM. (C) Sappington Formation–Lodgepole Limestone contact at Beaver Creek (BCM), 35 km northeast of Helena,MT (N46°50′33.5″, W111°45′16.9″, 1530m elevation). (D) Lodgepole
Limestone at BCM.
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the abundance of lime mudstone and fine grainstone indicate marine
deposition, and the intervals of shale and shaley siltstone indicate that
deposition took place in a mixed siliciclastic–carbonate setting where
fine grained silt and clay was deposited from suspension. The thin
medium- to coarse-grained sandstone bed that marks the base of the
overlying Leatham Formation is a significant sequence boundary
that separates trachytera Zone strata from that of the Lower expansa
Zone (missing postera Zone). The Trident Member of the Three Forks
Formation at SSM is lithologically highly variable, including mudstone
and both fine and coarse grainstone. The coarse grainstone suggests
occasionally higher energy conditions than those recorded in the
Beirdneau Formation. The equivalent sandstone bed and sequence
boundary is not well exposed at SSM, although it is noted in adjacent
areas within Montana (Sandberg and Poole, 1977; Sandberg and
Gutschick, 1978; Gutschick and Rodriguez, 1979).

The lowermost Leatham, lower part of the middle Pilot, and the
lower Sappington formations are all assigned to the Lower expansa
conodont Zone. The sequence boundary at the bases of these units is
highlighted by the highly irregular erosional surface at the top of the
underlying Trident Member (Gutschick et al., 1962; Gutschick, 1964;
Sandberg and Klapper, 1967). The thin basal sandstone beds that rest
on this extensive surface is considered to be a thin transgressive lag
deposit. Overlying finer grained deposits, such as the “lower black
shale” of the Sappington Formation and black shale beds at LMH, repre-
sent further transgression and deposition locally of organic-rich mud in
quiet, oxygen-poor conditions (Sandberg and Gutschick, 1969).
Shallower water conditions are recorded above these shale beds at
both LHU and LMHwhere a chert-rich interval is capped by heterolithic
strata, including fine sandstone, and then another sequence boundary
marked by another thin sandstone bed and overlying Middle expansa
conodont Zone strata.

The remarkably widespread, fine-scaled stratigraphy of the middle
Leatham, upper Middle Pilot, and middle Sappington formations
(Gutschick and Rodriguez, 1979) reflects consistent depositional condi-
tions over much of this part of western Laurentia at this time. The very
thin tomediumbeds of sandstone at the bases of these units represent a
widespread transgressive lag, which reworked fish bones and incorpo-
rated the prasinophyte alga Tasmanites. The overlying spinicaudatan-
rich, ~10 cm thick, black shale indicates extremely shallow water
conditions, given the ecological distribution of modern and ancient
spinicaudatans (see discussion below).

The extinct spinicaudatan species present in this study, Cyzicus
lioestheria, has been identified within this thin, yet remarkably
extensive unit stretching from Alberta to Nevada (Gutschick and
Rodriguez;, 1979; Sandberg et al., 1980). The majority of spinicaudatans,
especially extant varieties, are known to live in small, often ephemeral,
freshwater ponds, though there are certain species which are reported
to inhabit a variety of brackish water environments (Tasch, 1977;
Gutschick and Rodriguez, 1979; Webb, 1979; Vannier et al., 2003). In
this study, the stratigraphic transition of the spinicaudatan-bearing
shale and marl to overlying beds with marine fauna raises the possibil-
ity that the spinicaudatan shale was deposited in brackish environ-
ments, and that transgression led to preservation of normal marine
fauna.

The organic rich black shale also likely represents oxygen poor
conditions (Myrow, 1990). The typical open marine fossils of the over-
lying green-gray shale at SSM (Gutschick and Rodriguez, 1979;
Sandberg et al., 1980) indicate transgression after deposition of



Fig. 8. (A) Unit rich in oncolites and concretionary nodules in middle Sappington Formation at location SSM. Note irregular shapes of the oncolites. (B) Lower part of upper Sappington
Formationwith irregular, thin wave-ripple laminated and hummocky cross-stratified fine sandstone and black shale. (C) Black shale of the Cottonwood CanyonMember of the Lodgepole
Limestone and overlying limestone at BCM. (D) Contact between the recessiveweathering uppermost Cottonwood CanyonMember and overlyingmember of the Lodgepole Limestone at
the SSM section.
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marginal marine facies. The Upper expansa to Lower praesulcata Zone
oncolite-bearing unit with a wide variety of open-marine fossils
(Gutschick and Rodriguez, 1979) represents a carbonate buildup that
had clear relief on the sea floor. The coarse, locally crinoidal, grainstone
at the base of the unit at LMH and the abundant oncolites indicate local-
ly high-energy conditions. The fact that the oncolites are generally dis-
persed within carbonate mudstone suggests transport of the oncolites
into a quiet-water setting adjacent to a high-energy environment that
was capable of producing large oncolites (up to 5 cm diameter). De-
tailed interpretation of this unit is investigated in detail in Myrow
et al. (in review).

The fine-grained, slope-forming upper Leatham, upper Pilot, and
upper Sappington formations were deposited under similar conditions
as those of the lower Pilot Shale. The contact with the underlying
oncolite bank is generally gradational, although the channel-fills of
mudstone and coarse sandstone that cut down into the oncolite bank
(Gutschick and Rodriguez, 1979; Sandberg et al., 1980) may represent
a relative sea-level drawdown, although it would have been a short-
term event, given that there is no evidence for a biostratigraphic
break. The calcareous siltstone and silty shale record mixing of fine-
grained siliciclastic and carbonate sediment in a quiet water environ-
ment, and the very thin to thin interbeds of silty grainstone beds may
represent distal tempestite deposits. Abundant and locally thick units
of siltstone below the basal Mississippian unconformity, at ~90 m at
LMH within the upper Pilot, may reflect shoaling up to a sequence
boundary surface that records nondeposition or erosional removal of
strata representing the Middle and Upper praesulcata Zone and entire
sulcata Zone. Brachiopod and crinoid fossils, as well as bioturbation, in
the upper Sappington Formation at SSM indicate a quiet water open
marine depositional environment. Very thin to thin beds of fine sand-
stone with parallel and wave-ripple lamination are interpreted to
represent relatively distal tempestites. Similar sedimentary structures,
as well as hummocky cross stratification, in the very thin to thick sand-
stone layers in the uppermost 6.44 m of the formation, reflect high-
energy storm deposition.

At LMH, the lowermost Mississippian Joana Limestone is an uncon-
formity surfacemarked by overlying, poorly sorted, medium sandstone.
The presence of sandbergi Zone strata below and above this surface
(Sandberg, 1979) dates the timing of sea level drawdown and indicates
a relatively short hiatus. The transition to dolomudstone and grainstone
above is consistent with transgression above shoreline sandstone
deposits. The base of the thin Cottonwood Canyon Member of the
Lodgepole Limestone unit at SSM in contrast, represents a significant
unconformity that has Lower crenulata Zone strata (Sandberg and
Klapper, 1967) resting on praesulcata Zone strata. The silty shale and
minor sandstone and grainstone beds lack any diagnostic sedimentary
structures, thus their environments of deposition are difficult to
interpret. The shift from mixed siliciclastic–carbonate strata of the
Cottonwood Canyon member to overlying dominantly carbonate strata
suggests initial input of siliciclastic sediment during the initial stages of
transgression, and subsequent loss of input of terrestrial sediment by
runoff during further relative sea level rise.

7. Carbon isotope chemostratigraphic results

The chemostratigraphic results of this study extend from middle
Famennian (marginifera) to lower Mississippian (Upper crenulata).
Marginifera Zone strata of the Lower Pilot Shale at LMH have δ13Ccarb

values at the base that largely oscillate between 0 and −1‰ up to
23.32 m (Fig. 10). Above this, the values generally are more negative,
but show substantial variation, with multiple oscillations between
−0.5‰ and −5.0‰. The highly negative δ13Ccarb values in these



Fig. 10. δ13Ccarb and δ18O data formarginifera Zone strata of the lower Pilot Shale at Little
Mile-and-a-Half Canyon, UT (LMH).

Fig. 9. (A) Pilot Shale and the cliff-forming Joana Limestone at Little Mile-and-a-Half
Canyon, UT (LMH). (B) Oncolite-bearing wackestone of the lower Middle Pilot shale and
both overlying and underlying siltstone deposits. (C) Sandstone bed at the base of the
Joana at LMH.
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oscillations coincide with beds of cross-laminated grainstone, small
scours, and a slump zone with ball-and-pillow structures within isolat-
ed 1–2 m thick exposures through the primarily slope-forming and
commonly covered section.

Trachytera age strata exposed at LHU and SSM (Figs. 11, 12) also
yielded carbon isotopic data. At LHU, values at the base of the 15-m-
thick Beirdneau Formation at LHU oscillate between ~−0.4‰ and
~0.5‰ up to 7.86 m. Above this level, there is a slight negative shift to
values ~−1‰ up to 11.63m. The rest of the formation shows significant
variation in values, oscillating between −2.5‰ and 1.1‰ over this
3.69 m interval. At SSM, δ13Ccarb values in the lower part of our section
of the Trident Member of the Three Forks Formation range between 0
and −2‰ with one exception of −4.0‰. Above an 11.7 m covered
interval, between 17.98 and 21.73 m, δ13Ccarb values are tightly clus-
tered between 0.0 and −0.1‰.

Our only δ13Ccarb data from the Lower expansa Zone are from the
basal Sappington Formation at SSM directly above a 2.9 m covered
interval at the top of the Trident Member (Fig. 11). The lowermost
sample has a δ13Ccarb that is anomalously high (2.4‰), and above are
three samples that average 0.7‰.

Carbon isotopic data for Upper expansa and Lower praesulcata strata
are presented for the middle and lowermost upper Pilot Shale at LMH,
the middle and upper Leatham Formation at LHU, and the middle and
upper Sappington Formation at SSM (Figs. 11, 13). No lithologies were
suitable for carbon isotope analysis in the lower black shale or the
spinicaudatan interval in Utah (Lower to Middle expansa Zone), and
thus the lowest samples of this interval there are from Upper expansa
strata at the base of the oncolite-bearing carbonate unit (Fig. 13). The
δ13Ccarb values in the basal ~4 m of this interval at LMH oscillate
between 1.0 and 2.8‰ with the average drifting slightly negative from
~2.2 to ~1.3‰. A jump to more negative δ13Ccarb values at the base of
the Lower praesulcata Zone is followed by consistent values of ~0.5‰
interspersed with more positive values between 0.9 and 1.7‰. These
oscillations may be due to the presence of numerous nodules, which
may not record true secular variations in the marine isotope record.
The δ13Ccarb values at LHU (15.32m–41.89 m) display similarly positive
values and variation (1.5‰ to 3.9‰) through the oncolite unit, and a
similar negative shift in the upper part of the Leatham Formation at
the base of the Lower praesulcata Zone. At SSM, δ13Ccarb values in the
1.6 m thick oncolitic unit are ~2–3‰. Just above are two anomalous
negative values close to−1‰, and then the next 10mof strata have rel-
atively uniform values between 2 and 3‰. The uppermost Lower
praesulcata Zone strata have similar values that average ~2‰ but with
scattered negative values that reach −1.0‰. At BCM, values also aver-
age ~2‰, but have little variability. There is a slight negative shift in
values at the top of the section below the Lodgepole Formation.

Strata of the Duplicata and sandbergi zones, exposed in the middle
and upper parts of the Upper Pilot Shale at LMH rest disconformably
on Lower praesulcata Zone strata (missing Middle/Upper praesulcata
and sulcata zones). The δ13Ccarb isotope values of these zones (Fig. 13)
are the least variable of the Pilot Shale. They vary between 0.0 and
1.2‰, with the exception of one sample of 1.6‰. There is a slight



Fig. 11. δ13Ccarb data for uppermost Devonian strata at Sacajewea Peak, MT (SSM) and Beaver Creek (BCM).
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positive drift in the lower 5m of this interval, and the rest is remarkably
uniform.

Strata of the Lower crenulata andUpper crenulata/isosticha conodont
Zones are exposed at both LMH in the Joana Limestone (Fig. 13) and
SSM in the Cottonwood Canyon and Paine Shale members of the
Lodgepole Limestone (Fig. 11). At SSM the δ13Ccarb isotope values
trend positively over the first ~17 m of this zone (45.87–63.00 m),
increasing from an initial value of 1.4 to 5.6‰. The remaining ~28 m
of the section maintain consistently heavy values oscillating between
5.5 and 6.0‰. At LMH δ13C isotope values rise rapidly in the basal



Fig. 12. δ13Ccarb data for trachytera Zone strata at Sacajewea Peak, MT (SSM); Leatham Hollow, UT (LHU); and two sections in Germany: Effenberg and Balberg.
The German data are from Myrow et al. (2011; see for locations of sites).
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~4.5 m (135.31–139.84 m) increasing from−0.3 to 2.3‰. Through the
next ~22 m values trend positively and oscillate between 1.9 and 3.1‰,
with the exception of one value of 0.8‰. The overlying ~13 m (161.9–
174.40) are considerably more variable with values between 1.7 and
4.1‰. Samples were not collected through the following 6.4 m. In the
topmost 5.4 m of the section, the heaviest values are present and
range from 4.7 to 5.7‰.

Wemade plots of δ13C versus δ18O for the data derived from samples
for each section described above (Data Repository 1) to testwhether the
samples were subjected to significant diagenetic alteration. In cases of
strong diagenetic overprint, carbon and oxygen isotope values show
statistically significant covariance. Linear regression r2 values for the
sections are as follows: LHU, 0.03; SSM, 0.32; LMH, 0.04; and BCM,
0.03. Thus, although SSM has a higher r2 value, none of the sections
show significant correlation and likelihood of alteration. LHU and LMH
samples, which have uniformly high δ18O values (almost entirely
N−10‰), are almost certainly altered to a very small extent. Some
SSM values are more negative (e.g., 5 values between −15 and
−17‰), and these tend to be associatedwith decreased δ13Ccarb values;
however, these samples give rise to isolated decreases in the δ13Ccarb
signal that do not impact the overall stratigraphic pattern of the δ13C
record in SSM.

8. Interpretations: Carbon isotope chemostratigraphy

Below we interpret the δ13C data from Utah and Montana in
chronostratigraphic order from lower Famennian marginifera Zone
to Mississippian crenulata Zone strata. Based on data from
Sandberg et al. (1980), most of our data from the lower Pilot Shale
at LMH can be assigned to the Lower marginifera Zone. The carbon
isotopic data, which average ~−0.5‰ through the first 23 m, are
~2.0‰ lighter than published data from that zone in Germany,
though fairly consistent. The data appear to lack any signal of the
small positive carbon isotope excursion associated with the
Enkeberg Event, an ammonoid extinction horizon and associated
black shale unit (House, 1985; Becker, 1993). The uppermost 13 m
are extremely variable, averaging ~4.0 to 5.0‰ lighter than data
from Germany (Buggisch and Joachimski, 2006). The highly fluctuat-
ing and more negative overall values of our data reflect either local
deviation from openmarine δ13Ccarb values in these strata, consistent
with the inferred brackish habitat for the spinicaudatan-rich strata
(see Myrow et al., in review), or a greater impact of diagenetic alter-
ation in these strata relative to those in Germany.

In Europe, latest trachytera Zone strata record the Annulata Event,
thefirst of thewell-known Famennian bioevents eventswith associated
black shale beds (Becker, 1993; Sanz-Lopez et al., 1999; Becker and
House, 2000; Sandberg et al., 2002; Korn, 2004; Hartenfels and Becker,
2009). This event was associated with global anoxia (Wilde and Berry,
1984; Walliser, 1996; Racka et al., 2010) and an interglacial sea level
rise (Sandberg et al., 2002; Joachimski et al., 2009), but not a large
perturbation of the biosphere or carbon cycle as with later events
(Racka et al., 2010). The event included a radiation of the ammonoid
Platyclymenia annulata (Walliser, 1984; House, 1985; Walliser, 1996),
and muted changes in conodont fauna (Hartenfels and Becker, 2009).
In Europe, it generally consists of two black shale beds with abundant
ammonites, ostracods and bivalves (Korn, 2004).

In western North America, the Annulata Event roughly corresponds
to transgressive deposits of Event 15 of Sandberg et al. (2002), including
the Trident Member of the Three Forks Formation and the “contact
ledge” of the Beirdneau Formation. These strata have only yielded
conodonts from the trachytera Zone (Sandberg et al., 1988). However,
latest trachytera Zone strata show little carbon isotopic variation,
including the Annulata Event (Buggisch and Joachimski, 2006; Myrow
et al., 2011). Thus, although there are stratigraphic changes to higher



Fig. 13. δ13Ccarb data for youngest Upper Devonian strata at Little Mile-and-a-Half Canyon, UT (LMH) and Leatham Hollow, UT (LHU).
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isotopic variability within the trachytera Zone strata at SSM and LHU
(Figs. 11, 12), there are no definitive isotopic changes that can be direct-
ly linked to the Annulata Event in these sections.

The unconformity that marks the break between trachytera and
Lower expansa Zone strata at SSM is located somewhere in the mostly
covered interval between 21.73 m and 24.63 m (Fig. 6). The value
from a thin carbonate bed at 24.24m (2.5‰), and three overlying values
from this interval that average ~0.7‰ (Fig. 11), are clearlymore positive
than themarginifera and trachytera values, and mark the beginning of a
long term positive shift in values associated with late Famennian to
Mississippian glaciation. The data are consistent with 1–2‰ values in
strata of the upper part of the Lower expansa Zone (Myrow et al.,
2011). The data are too sparse to allow detection of an isotopic signal
of the Dasberg event, which is generally a low-amplitude excursion
(Kaiser, 2005; Buggisch and Joachimski, 2006; Kaiser et al., 2008;
Hartenfels and Becker, 2009; Myrow et al., 2011), and is located ~2/3
of the way through the Lower expansa Zone (Hartenfels and Becker,
2009). The transition from Lower expansa to Middle expansa zone at a



or the Wyoming Province.
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sandstone below the regionally extensive oncolite bed described herein
is potentially related to the global Dasberg event, which in Europe
consisted of a regression, development of an unconformity, and subse-
quent extensive transgressive deposition of Lower expansa Zone black
shale (Becker, 1993; Sandberg et al., 2002; Kaiser et al., 2006;
Hartenfels and Becker, 2009). The transition directly to Middle expansa
Zone strata at the unconformity at the base of the sandstone,would sug-
gest that the transgressive phase of the Dasberg is missing. This mirrors
a similar stratigraphic relationship and unconformity in Morocco, pro-
duced in part by delayed onlap of Middle expansa Zone strata onto a
basal Dasberg unconformity.

Very little δ13Ccarb isotope data are available for Upper expansa Zone
strata globally. Buggisch and Joachimski (2006) present data for strata
in central and southern Europe with a slight negative trend from the
Upper expansa to Lower praesulcata zones, although the trend is difficult
to precisely define due to few data points through this interval. Our LHU
(26–28 m) and LMH (73–75 m) data (Fig. 13) show a similar negative
drift, as well as similar absolute values that are generally close to
2.0‰. The 1.0‰ negative shift at the Upper expansa–praesulcata bound-
ary at LMH may correlate to a similar shift in European strata (Kaiser
et al., 2006), and the 1.5‰ and 2.0‰ δ13Ccarb values are in line with
those documented through the Lower and Middle praesulcata
(Buggisch and Joachimski, 2006; Kaiser et al., 2006). The praesulcata
absolute values, however, are ~1.0‰ higher in the Kronhofgraben
section (Carnic Alps) of Kaiser et al. (2006). δ13Ccarb values rise in
the Middle to Upper praesulcata (Saltzman, 2005; Buggisch and
Joachimski, 2006; Kaiser et al., 2006) reflecting theHangenberg positive
excursion. The Hangenberg excursion (Brand et al., 2004; Saltzman,
2005; Buggisch and Joachimski, 2006; Kaiser et al., 2006; Cramer et al.,
2008; Myrow et al., 2011, 2013) lies just below the Devonian–
Mississippian boundary in the Middle praesulcata conodont zone
(Ziegler and Sandberg, 1984; Dreesen et al., 1988; Isaacson et al.,
1999; Myrow et al., 2014), but strata of this age are absent in this
study below unconformities due to nondeposition and/or removal.

Strata of the duplicata and sandbergi conodont Zones are represented
in the Upper Pilot Shale at LMH. δ13Ccarb isotope values in this section
(Fig. 13) rise from ~0.2‰ in the lowermost 5 m of the duplicata Zone,
and then maintain remarkably consistent values around 0.8‰. Very
little published isotopic data are available for these conodont zones,
especially at a high enough resolution for comparison with this study.
Kaiser et al. (2006) and Buggisch et al. (2008) present some data from
Europe through these conodont zones, but values vary between 0‰
and +3‰ depending on the locality.

Strata of the crenulata Zone (primarily Upper crenulata), contains
one of the largest positive δ13C isotope excursions of the Phanerozoic
(Budai et al., 1987; Bruckschen and Veizer, 1997; Saltzman et al.,
2000; Saltzman, 2002, 2003b; Qie et al., 2011). This excursion has
been documented globally to varying intensities (+4.2‰ in South
China, ~+6‰ in Europe, and +7.5‰ in North America) in both bulk
rock and brachiopod calcite, and is interpreted to reflect increased or-
ganic carbon burial (Bruckschen and Veizer, 1997; Mii et al., 1999;
Saltzman et al., 2000; Saltzman, 2002; Gill et al., 2007; Katz et al.,
2007; Qie et al., 2011). Saltzman et al. (2000) suggests a causal relation-
ship between the rapid subsidence of the Antler foreland basin and the
isotopic excursion.While it may be difficult to untangle regional tecton-
ic effects from eustatic changes, the effects of the rise of vascular land
plants, and continental drift, it is well established that the isotopic
excursion is associated with drawdown of atmospheric CO2 and glacia-
tion in the Kinderhookian (Algeo and Scheckler, 1998; Saltzman et al.,
2000; Saltzman, 2002; Saltzman et al., 2004). The Mississippian strata
of the Lodgepole Formation, including units at SSM, have indicated
that orbital-scale glacio-eustasy was in fact an important driver of
oxygen isotopic changes (Wallace and Elrick, 2014), and presumably
carbon isotopic variation as well.

Strata of the Lower crenulata Zone, represented by the Lodgepole
limestone at SSM, were deposited during a rapid transgression
(Sandberg et al., 1982). Based on the δ13C isotope data of this study
(Fig. 13), we assign the overlying conodont-barren strata at LMH,
which comprise the bulk of the Joana Limestone (Sandberg, 1979), to
the Upper crenulata Zone. The architecture of the δ13C isotope curves
at these localities is consistent with published data from the Joana
Limestone of southeast Nevada and the Henderson Canyon formation
of southeast Idaho (Saltzman et al., 2000; Saltzman, 2002). Both the
SSM and LMH data sets (Figs. 11, 13) show a sharp increase in values
at the base of the section, accompanied by increased variance with
δ13Ccarb oscillating around ~2–3‰, and then higher values of
~+5–6‰. LMH only captures a short section of highly positive values.
Saltzman et al. (2000) note that their section of the Joana Limestone
from the Pahranagat Range is notably expanded (δ13Ccarb values only
reach ~+3‰ in the first 50 m at this location, while at LMH, δ13Ccarb

reaches +5.5‰ in 45 m of section). The data from SSM also show
remarkable similarity to data of Saltzman (2003b) from Samaria
Mountain in southeastern Idaho. Both sections show a rise in δ13Ccarb
at the base of the section then a few significantly lighter data points
before a rapid rise to consistently heavy values through ~20–30 m of
section (Saltzman, 2003b, fig. 7). We cannot correlate the placement
of the Lower crenulata–Upper crenulata boundary with a particular
shift in the carbon isotope record due to the lack of high-resolution
biostratigraphic data.

9. Detrital zircons: Results

Four detrital zircon sandstone samples from the western U.S. were
analyzed during this study (Fig. 14), in part to understand howpaleoge-
ography and regional patterns of uplift, erosion, and deposition relate to
the stratigraphic data and associated events recorded in the Devonian–
Mississippian boundary interval strata described above. One sample
(LHU-LF1) is from the lower sandstone of the Leatham Formation at
LHU, which is assigned to the Middle expansa Zone. Another sample
(LMH-132.92) is from the basal sandstone of the Joana Limestone at
LMH (132.92 m), and it is assigned to the Mississippian uppermost
sandbergi Zone. One sample (GCD-1) was taken from Lower expansa
Zone strata at the base of the Parting Formation in Glenwood Canyon,
20 km east/northeast of Glenwood Springs, Colorado. Finally, one
sample (Gil-M1) was collected from the base of the Mississippian
Gilman Sandstone Member of the Leadville Limestone north of the
town of Gilman, CO on the east wall of the Eagle River canyon.

These samples yield very similar age distributions, with main age
groups of 2.0–1.7 Ga, 1.5–1.4 Ga, and 1.2–1.0 Ga, and subordinate
age groups of 2.8–2.5 Ga and 600–400 Ma (Fig. 14; Data Repository 2).
A Kolmorgorov–Smirnov (K–S) test, a nonparametric statistical analy-
sis, was performed on the samples to assess statistically significant
similarities in provenance. A p-value greater than 0.05 indicates that
at a 95% level of confidence the samples cannot be distinguished as com-
ing from separate populations. Two samples, LHU-LF1 and LMH-132.92,
are very similar, with K–S p-values of 0.46 (Data Repository 3), whereas
the other two samples are less similar due mainly to differing propor-
tions of the main age groups. LHU-LF1 and LMH-132.92 are also similar
in yielding 2.09–2.08 Ga zircon grains.

10. Detrital zircons: Interpretations

The age groups present in these samples are an excellent match for
the dominant ages of igneous rocks in North America (Hoffman,
1989), and for detrital zircons from Paleozoic strata of the Cordilleran
passive margin succession that were derived largely from North
American basement assemblages (Gehrels and Pecha, 2014). A compar-
ison of our ages (Fig. 14)with these reference data sets suggests that the
ultimate sources for the detrital zircons in our samples are as follows:

• 2.8–2.5 Ga (age peak of 2.715 Ga): derived from the Canadian Shield



Fig. 14. Detrital zircon relative age probability diagrams for uppermost Devonian and
lower Mississippian samples from western Laurentia. The relative age probability
diagrams show ages and uncertainty (plotted as a normal distribution about the age).
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• 2.09–2.08 Ga (age peak of 2.086 Ga): derived from the northwestern
Canadian Shield, perhaps the Peace River arch region (see discussion
below).

• 1.9–1.8 Ga (age peak of 1.849 Ga): derived from the Canadian Shield
or the Wyoming Province.

• 1.8–1.7 Ga (age peaks of 1.785 and 1.714 Ga): derived from the
Yavapai Province of southwestern North America

• 1.5–1.4 and 1.4–1.33 Ga (age peaks at 1.552 and 1.378 Ga): derived
from the midcontinent igneous province.

• 1.2–1.0 Ga (peak at 1.118 Ga): derived from the Grenville orogen of
eastern/southern Laurentia

• 600–400 Ma (main peak at 500 Ma): derived from circum-Laurentia
orogenic systems that contain Neoproterozoic–early Paleozoic
igneous rocks, including the Caledonian, Appalachian, and perhaps
Innuitian and Ouachita orogens.

These interpretations suggest that our samples consist of a mix of
detrital zircons ultimately derived from relatively local basement
rocks (1.8–1.3 Ga) and from distant sources. Deciphering the dispersal
pathways from these distant sources is of course complicated by the
likelihood that the zircon grains have been recycled through older
sedimentary successions, with multiple episodes of sedimentary trans-
port. The 1.2–1.0 Ga grains in our samples are excellent candidates for
multiple episodes of recycling, given that sediment from the Grenville
orogen probably blanketed much of North America during
Meoproterozoic time (Rainbird et al., 2012). Such 1.2–1.0 Ga grains
are consequently found in many North American assemblages that
have no direct connection to the Grenville orogen (e.g., Gehrels and
Pecha, 2014).

Based on patterns observed in other detrital zircon data sets from
western North America, the far-traveled N1.8 Ga and b1.0 Ga zircons
in our samples may have experienced three different dispersal path-
ways. One pathway involves transport of grains from the northern
Canadian Shield during the Late Devonian as a result of emergence of
the Franklinian/Innuitian orogen (Beranek et al., 2010; Anfinson et al.,
2011). Young (600–400 Ma) grains may have been shed from arc
systems (e.g., Alexander and Pearya terranes) along the paleo-Arctic
margin. An alternative origin for these young grains would be that
they were transport from the Caledonian–Appalachian orogen, as has
been suggested for the influx of early Paleozoic grains in Devonian–
Mississippian strata of the Grand Canyon (Gehrels et al., 2011).

A third possibility is that the N1.8 Ga grainswere derived from rocks
of the RobertsMountains allochthon,which are known to contain detri-
tal zircons of the appropriate age and to have sourced much of the
sediment in the Antler foreland basin (Gehrels and Dickinson, 2000;
Gehrels et al., 2000; Gehrels and Pecha, 2014). Such grains are thought
to have been ultimately derived from the Peace River arch region of the
northwestern Canadian Shield, and to have been transported south-
ward either tectonically or in off-shelf dispersal systems. Regardless of
the specific sources, the repeated development of unconformities
within the Late Devonian, illustrated in this study, reflect deposition
within the tectonically active Antler basin. Migration of a forebulge
within the basin, along with other geodynamic changes produced by
convergent tectonics, led to a mixed signal of disparate source rocks,
and the complicated stratigraphic architecture and chemostratigraphic
signature documented herein.

11. Conclusions

The late Famennian (Late Devonian) to Early Mississippian was
characterized by major changes to the atmosphere, biosphere, and
oceans as a result of the onset of glaciation, large eustatic sea level
fluctuations, a terrestrial plant radiation, and changes to biogeochemical
cycling (Walliser, 1984; Johnson et al., 1985; Streel et al., 2000;
Joachimski and Buggisch, 2002; Sandberg et al., 2002; Algeo, 2004;
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Brand et al., 2004; Buggisch and Joachimski, 2006; Cramer et al., 2008;
Kaiser et al., 2008; Myrow et al., 2011, 2013). Specific global biotic
events at this time, generally considered to represent parts of glacial–
interglacial cycles (De Vleeschouwer et al., 2013; Myrow et al., 2014),
were associated with transgression, oceanic anoxia, and widespread
deposition of organic-rich black shale (Berry and Wilde, 1978; House,
1985; Becker, 1993; Walliser, 1996; Caplan and Bustin, 1999; Kump
et al., 2005; Racki, 2005; Kaiser et al., 2008).

Upper Devonian to Lower Mississippian strata exposed in Utah and
Montana contain a record of global and regional events that occurred
during this important interval in Earth history. Upper Famennian strata
from Utah (Beirdneau, Leatham, and Pilot Shale formations) and south-
ern Montana (Three Forks and Sappington formations) contain fine-
grained siliciclastic and carbonate strata that record regionally signifi-
cant disconformities, some of which are linked to well-known eustatic
and biological events. Transgressive deposits in both Montana and
Utah of the trachytera Conodont Zone may in part record the Annulata
event, which consisted of an extinction event and associated eustatic
rise. However, our carbon isotopic data is inconclusive, in large part
because the event has a very muted isotopic signal. The later Dasberg
event is potentially recorded in our study by an unconformity and
shift from Lower expansa to Middle expansa Zone strata at a very
thin sandstone bed below a regionally extensive oncolite unit. Uncon-
formities recorded in more landward sections in Colorado were also
developed during this event (Myrow et al., 2013). The strata of this
study do not record the transgressive phase of the Dasberg, possibly
because of delayed onlap of Middle expansa Zone strata onto a basal
Dasberg unconformity. The Hangenberg event, also registered in
Colorado, is not recorded in the strata of this study area of the Antler
foreland basin, largely due to erosion under regional unconformities.
Recognition of linked extinction-eustatic events in this tectonically
active basin is extremely difficult, in part due to low-amplitude isotopic
shifts in some events (e.g., Annulata and Dasberg), and the inability to
readily tease out the signal of tectonics from the relative sea level
history.

The Devonian–Lower Mississippian boundary interval is missing
within both Utah and Montana. The Lower Mississippian crenulata
Zone strata in these areas record one of the largest positive δ13Ccarb

isotope excursions of the Phanerozoic, which resulted in part due to
drawdown of atmospheric CO2 and Kinderhookian glaciation.

Detrital zircon spectra from uppermost Devonian to Lower Missis-
sippian strata of Utah and Colorado have peaks between 1650 Ma and
1900Ma,which record erosion and transport of rocks from theMazatzal
and Yavapai provinces. Grainswith ages between 1400Ma and 1480Ma
were sourced from Middle Proterozoic anorogenic granite bodies of
western Laurentia. Minor peaks at ~1100 Ma were sourced from
Grenville basement. Finally, peaks between 2050 Ma and 2080 Ma in
Utah samples were likely derived from Ordovician rocks of Nevada as
multiple-generation grains originally sourced from the Peace River
Arch of northwestern Canada. These detrital zircon geochronological
data reflect regional uplift, erosion, and deposition within the tectoni-
cally active Antler basin during the Devonian–Mississippian boundary
interval. Convergent tectonics and eustatic changes within the evolving
backbulge led to widespread dispersal of heterogeneous detrital zircon
populations, an irregular pattern of development of unconformities,
and a complicated stratigraphic architecture and chemostratigraphic
signature.
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